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Abstract 

A novel metal matrix composite freeform fabrication approach, fiber traction printing (FTP), is demonstrated through 
controlling the wetting behavior between fibers and the matrix. This process utilizes the fiber bundle to control 
the cross-sectional shape of the liquid metal, shaping it from circular to rectangular which is more precise. The FTP 
process could resolve manufacturing difficulties in the complex structure of continuous fiber reinforced metal matrix 
composites. The printing of the first layer monofilament is discussed in detail, and the effects of the fibrous coating 
thickness on the mechanical properties and microstructures of the composite are also investigated in this paper. The 
composite material prepared by the FTP process has a tensile strength of 235.2 MPa, which is close to that of com-
posites fabricated by conventional processes. The complex structures are printed to demonstrate the advantages and 
innovations of this approach. Moreover, the FTP method is suited to other material systems with good wettability, 
such as modified carbon fiber, surfactants, and aluminum alloys.
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1 Introduction
The metal matrix composite (MMC) is a revolutionary, 
futuristic type of metal [1–3], which has been widely 
used in the aerospace and automobile industries since 
the 1980s. It is considered to be an alternative mate-
rial to aluminum and titanium alloys [1] because of its 
high specific strength, high specific modulus, corrosion 
resistance, and oxidation resistance, etc. [4–8]. However, 
MMC has several challenges, principally in its high cost 
and machining complexity [4, 9], which limit its fur-
ther application_ENREF_7. Additive manufacturing has 
advantages in its flexible process, the simplicity of the 
tool, and direct molding [10–13], which can overcome 
the current difficulties in the preparation of metal matrix 
composites. The research on 3D printing of MMCs has 

been absent until now, so making it necessary to develop 
novel technologies.

Pb is the most common radiation shielding material 
[14–16], but it is not a suitable  3D-printable material 
because of its poor wettability. A hypereutectic alloy of 
SnPb, which has the characteristics of low melting point, 
good fluidity, and wettability, can be used for 3D printing 
[17]. Making a SnPb alloy into a composite could greatly 
improve its mechanical properties [18–20], physical 
properties [21], and the ability to use direct molding by 
means of the additive manufacturing process.

Here we propose a novel 3D printing approach of con-
tinuous fiber reinforced metal matrix composites, which 
uses the fiber bundle to control the morphology via wet-
ting with a liquid metal. The wetting behavior effectively 
suppresses the agglomeration of the liquid metal, and 
the morphology can be controlled. The process is nota-
ble for the classical 3D printing process of thermoplastic 
composites. At the same time, the challenges in conven-
tional preparation methods, such as the direct structur-
ing and uniform distribution of fibers, can be solved by 
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this process. The approach is suited to other material sys-
tems with good wettability, such as fiber, surfactants, and 
aluminum alloys. It provides a solution to promote the 
development of the MMC and its low-cost applications.

In this paper, the printing of the first layer monofila-
ment is discussed in detail, and the effects of a fibrous 
coating thickness on the mechanical properties and 
microstructures of the composite are also investigated. 
Additionally, the complex structural composites were 
printed.

2  Materials and Method
2.1  Materials
The 2 mm diameter  Sn50Pb50(wt.%) alloy wire, the melt-
ing temperature of which is 189  °C, and T300B carbon 
fibers were used as raw materials. To meet the require-
ments of the process, the carbon fibers were treated by 
electroplating two successive layers of metallic coating, 
1 μm (0.2 μm) Ni coating and 2 μm (0.8 μm) Cu coating 
(3.0Cu-Cf and 1.0Cu-Ccf), wherein the Ni coating was 
to improve the overall tensile strength of the coated fiber 
[18]. The coated continuous carbon fiber bundles were 
commissioned and fabricated by the Suzhou Institute 
of Nano-Tech and Nano-Bionics, and the properties are 
shown in Table 1.

Since the actual printing process was performed in 
air, the oxidation of the Cu coating and the liquid metal 
matrix could not be ignored. Oxygen contamination 
(even at ppm levels) can have a dramatic effect on the 
surface tension of metals [22]. Therefore, soldering flux, 
which eliminates the oxide layer and decreases the wet-
ting angle, was utilized to modify the Cu/Ni coated car-
bon fiber. More importantly, the soldering flux forms a 
protective layer on the surface of the fiber before being 
wetted by the liquid metal. In the printing process, the 
soldering flux transforms to a gas or floats above the liq-
uid metal.

2.2  Method
A novel additive manufacturing approach of continuous 
fiber reinforced metal matrix composites, fiber traction 
printing (FTP), is proposed in this paper. By using the 

wetting behavior between the fiber and liquid metal, and 
the action of the elasto capillary force [23], porosities in 
the fiber bundle are filled with liquid metal, which forms 
a dense internal structure and a good interface. The liq-
uid metal is then uniformly attached to the outside of the 
fiber bundle and the monofilament is drawn from the 
molten cavity. Finally, the layers are superposed to inte-
grate. The formation of the interface can be controlled 
because the additive manufacturing approach is a fast, 
dynamic, and partial process that differs from traditional 
slow, static, and integral methods. Moreover, porosities 
and cracks generated in metal printing [24] can be sup-
pressed due to the capillarity.

The FTP process stems from the classic thermoplastic 
composite printing process and has some similarities. For 
example, they are both wire-based and fused-deposition 
processes that lead to similar devices. However, there are 
a number of differences in the mechanisms of these two 
processes, such as the state of the matrix in the molten 
cavity and the combination and deposition mechanisms, 
which are discussed in detail later. According to the dif-
ferent positions of the fiber bundle in the forming pro-
cess, the entire process can be divided into four stages 
(Figure 1).

First, the liquid metal rises inside the continuous fiber 
bundle, which is above the liquid level, and the porosi-
ties inside the fiber bundle are filled by capillary action. 
Second, when the surface coating of the fiber bundle and 
the liquid metal are sufficiently wetted inside the molten 
cavity, the final interface forms. Third, the liquid metal 
packages the fiber bundle homogeneously (Figure  2(b)) 
under the action of gravity and internal friction. Finally, 
the printed monofilament is superposed and forms a 
component.

Based on this mechanism, the process could be 
extended to other composites, which exhibit a favorable 
wetting performance between the fiber and the matrix.

Table 1 The parameters of carbon fiber

Fiber quantity Tensile strength 
(MPa)

Tensile 
modulus 
(GPa)

T300B 1k 3530 230

Cu ‒ 227 ‒
1.0Cu-Cf 1k 3000 230

3.0Cu-Cf 1k 2900 230 Figure 1 Stages of the FTP process



Page 3 of 11Wang et al. Chin. J. Mech. Eng.           (2020) 33:31  

2.3  Fabrication of  Cf/Sn50Pb50 Composite
The experimental platform is shown in Figure  2(a). 
The  Sn50Pb50 alloy wires and Cu coated carbon fiber 
were used for the FTP methodology. The composites 
were printed along the width direction and the cor-
responding path plan was conducted (shown in Fig-
ure  2(c)) at 2.5  mm/s and 270°. According to ASTM 
D3552-96(07), the printed composites were cut to 
75  mm × 1  mm × 10  mm (length × width × height). To 
reduce the influence of the surface roughness on the 
mechanical properties of composites, the surfaces of 
these specimens were polished. Five specimens were 
fabricated for each group. The clamping parts of the 
specimen were treated with epoxy resin glue.

3  Results and Discussions
Since the fiber suppressed the flow of the liquid metal, 
the cross-sectional shape was not circular and it was 
difficult to calculate the wire feeding by theoretical 
calculation (In this paper, wire feeding is expressed as 
the distance of the wire per 100 mm of printed mono-
filament). Hence, research on the forming of the first 
layer is useful to improve the quality of printing. The 
mechanical properties and interfacial microstructure 
of the composites are discussed. Finally, to demonstrate 
the advantages and innovations of this method, 3D 
composite structures are shown.

Figure 2 (a) Experimental platform; (b) The monofilament morphology in traction outflow stage; (c) The printed composite and the tensile 
specimen
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3.1  Character of Monofilament
3.1.1  Morphology of Monofilament
The right heating block temperature ( T/°C) should be cho-
sen before printing starts. There is a temperature difference 
between the nozzle and the heating block ( �T/°C) because 
of heat dissipation. To ensure that the fiber could be pulled 
out from the nozzle smoothly, the temperature at the noz-
zle is required to be higher than the melting temperature 
of the  Sn50Pb50 alloy ( Tm/°C), otherwise the nozzle could 
be blocked. The result can be represented by the following 
equation:

where �Tmin is the minimum value of �T .

According to the law of conservation of energy, the heat 
released in the monofilament composite within the nozzle 
( Q ) should satisfy the following equation,

where Q2 is the heat transferred along the diameter of 
the nozzle, Q3 is the heat dissipation around the outlet of 
the nozzle, Q1 and Q0 are the exported heat and imported 
heat by the monofilament, respectively. Among them, Q1 
is approximately equal to Q0 , Q3 is related to the environ-
mental temperature, and Q2 is the main factor. Therefore:

According to the definition of thermal conductivity, Q2 
should satisfy the following equation:

where L is the distance in the nozzle with a temperature 
difference, v is the printing velocity, Smono is the contact 
area of unit length of the monofilament and the nozzle, 
∂T2

∂R  is the temperature gradient in the diameter direction 
of the nozzle, and �n is the thermal conductivity of noz-
zle. Because:

(1)T ≥ Tm +�Tmin,

(2)Q = Q2 + Q3 + Q1 − Q0,

(3)Q ≈ Q2.

(4)Q2 =

L
v

∫
0

Smono ·

(

−
∂T2

∂R

)

· �n · dt,

(5)Q = cm ·�Tmin ·m,

where cm is the specific heat capacity of the monofilament 
and m is the mass of unit length of the monofilament.

Bringing Eq. (3) and Eq. (4) into Eq. (5):

It is difficult to calculate �Tmin accurately, but the influ-
encing factors can be derived from Eq. (6). It is obvious 
that �Tmin is affected by factors such as printing velocity, 
nozzle material, nozzle shape, and surface temperature, 
etc. In addition, it can be used to estimate the �Tmin of 
other materials. According to the experimental results, 
�Tmin should be greater than 60 °C with our print head. 
The matrix alloy in the molten cavity is in a liquid state 
because this temperature greatly exceeds the semi-solid 
range of the  Sn50Pb50 alloy. However, in the classical ther-
moplastic composite printing process, the thermoplas-
tic resin is in a viscous state [25–30] rather than a liquid 
state that has completely different rheological properties. 
Finally, the chosen temperature was 270  °C to improve 
the superposition performance.

Due to the surface tension of liquid metal, the exist-
ing metal extrusion 3D printing technology is usually 
extruded into a circular or nearly circular shape, which 
is not conducive to superposition. The FTP method 
uses fiber to suppress the phenomenon of liquid metal 
agglomeration, which leads to the circular cross section 
of the monofilament. Therefore, it is difficult to calcu-
late the wire feeding in the printing process accurately 
by theoretical calculations; hence, the study of the mono-
filament morphology becomes necessary. In this paper, 
the uniformity, width, cross section, and thickness of the 
composite monofilament specimens with different wire 
feedings and printing velocities were studied and the 
groups are shown in Table 2.

It can be seen from Figure  3 that both the wire feed-
ing and printing velocity have a greater influence on the 
uniformity of the monofilament. Using the same print-
ing velocity, the contour of the fiber bundle appears on 
the surface of the monofilament and some of the fibers 
are exposed when the wire feeding is low. As the wire 

(6)�Tmin =
∫

L
v
0 Smono ·

(

−
∂T2

∂R

)

· �n · dt

cm ·m
.

Table 2 The printing parameters of monofilament specimens

Wire feeding (mm/mm) Printing velocity (mm/s) Height (mm) Temperature 
(°C)

10/100 1 2 3 4 0.3 270

20/100 1 2 3 4 0.3 270

30/100 1 2 3 4 0.3 270

40/100 1 2 3 4 0.3 270
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feeding is increased, the surface of the monofilament 
gradually changes, becoming smoother. However, when 
the wire feeding is too large, it can exceed the control 
limit of inhibition on the liquid metal flowing. Hence, 
the liquid metal could flow along the fiber inhomogene-
ously, as shown in Figure 3(d), and reduce the uniformity 
of printing. When the wire feeding is equal, the uni-
formity of printing increases initially and then decreases 
with increasing printing velocity. It is obvious that the 
uniformity of the printed monofilament is superior at a 
printing velocity of 3 mm/s and wire feeding of 20/100.

The evolution of the cross-sectional profile of the 
monofilaments at the different wire feedings is shown 
in Figure  4(a). When the wire feeding is low, the fiber 
bundle effectively controls the morphology of the liquid 
metal, and the cross-sectional profile is roughly rectan-
gular. However, when the wire feeding is large, such as 

30/100 and 40/100, the fiber bundle loses control of the 
morphology of the liquid metal, and it can be seen that 
the liquid metal is agglomerated into a circular shape. In 
addition, when the printing velocity increases, the fibers 
on both sides shrink inward. When the wire feeding is 
low and the printing velocity exceeds 4 mm/s, the pulling 
force of the fiber separates the middle part of the mono-
filament from the bottom plate, and the cross section 
shrinks into a ring as shown in Figure  4(b). The cross-
sectional shapes of the monofilaments have an enor-
mous influence on the surface roughness and forming 
density. The circle shape profile, which forms at the wire 
feeding of 40/100, is not a suitable profile for the accu-
mulation of monofilaments. The porosities would form 
between monofilaments, and the surface is rough owing 
to the poor homogeneity of the monofilament with the 
increasing wire feeding (discussed later). Additionally, 

Figure 3 Monofilament morphology of specimens at the printing velocity of (a) 1 mm/s, (b) 2 mm/s, (c) 3 mm/s, and (d) 4 mm/s and wire feeding 
of 10/100, 20/100, 30/100, 40/100
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Figure 4 Cross-sectional profile of composite specimens at the printing velocity of (a) 2 mm/s and (b) wire feeding of 10/100
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improving the printing velocity also decreases the homo-
geneity of the monofilament (discussed later), and the 
cracks and porosities form between the two layers owing 
to the ring profile.

The average values of width and thickness are also dis-
cussed. As shown in Figure  5, it can be seen that when 
the printing velocity is constant, the width usually does 
not change with the variation of the wire feeding except 
for the 4 mm/s specimen. However, the width is affected 
by the printing velocity. With the printing velocity rising, 
the width is gradually reduced, because the morphology 
of the monofilament is controlled by the fiber, and its 
width is mainly affected by the fiber width. At the same 
time, the printing velocity affects the tension of the fiber, 
which further changes its distribution density. That is 
to say, the fiber distribution is denser and the width of 
the monofilament is smaller when the printing velocity 
is faster. When the printing velocity is 3 mm/s, the uni-
formity of the monofilament is favorable. All of the above 
is in accordance with previous observations.

The thickness is mainly affected by the wire feed-
ing (Figure  6). With the wire feeding increasing, both 
the thickness and error increase, which means the uni-
formity of the monofilament decreases. This is because 
the matrix stacks in the direction of thickness when the 
width remains constant.

3.1.2  Printing Precision of Monofilament with Different 
Angles

Unlike the printing of pure metals, the deformation 
occurs in this process when printing corners, because of 
the dragging of one fiber. The errors are not only affected 
by the printing process, but also by the angle of the 
corner.

The printing of a monofilament with the same angle 
under different processes is shown in Figure  7 and the 
errors in the x and y directions are shown in Table  3. 
On the one hand, the slow printing velocity reduces the 
errors in the x and y directions. Additionally, the errors 
can be further reduced if the nozzle stays at the apex of 
the corner for several seconds. On the other hand, when 
the value of the rotation angle θ gradually increases, the 
errors in the x and y directions gradually decrease in the 
group of 1 mm/s velocity and 3  s pause (1 mm/s + 3  s). 
At 150°, the error in the x and y directions is negligible, 
regardless.

Figure 5 Width-wire feeding of specimens at different printing 
velocities

Figure 6 Thickness-printing velocity of specimens at different 
amounts of wire feeding

Figure 7 Monofilaments with different corners
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The error in the x direction is the distance in the x 
direction where the monofilament moves relatively. This 
distance is mainly affected by the velocity component in 
the x direction and the error in the y direction. The error 
in the y direction is affected by the velocity component 
in the y direction and the dragging force of the monofila-
ment in the − y direction. Therefore, the velocity com-
ponents in the x and y directions are reduced when the 
printing velocity is slowed down, and so is the error. As 
the angle θ is gradually increased, the interaction force of 
the monofilament in the − y direction becomes smaller, 
and the error in the y direction decreases. At the same 
time, the error in the x direction shows different laws of 
change under various conditions since the velocity com-
ponent in the x direction increases. An empirical equa-
tion could be used to represent the error variation in the 
y direction:

where ye is the actual error in the y direction, y0e is the 
error in the y direction without pause, a is a constant. 
When the printing velocity is 1 mm/s and the pause time 
is 3 s, the value of a is 1.36.

3.2  Interfacial Microstructure
The typical interfacial microstructures of the 1.0Cu-Cf/
SnPb and 3.0Cu-Cf/SnPb specimens are shown in Fig-
ure  8. It is obvious that several defects appeared in the 
1.0Cu-Cf/SnPb specimen, while no obvious defects 
were observed in the 3.0Cu-Cf/SnPb specimen. In addi-
tion, the fibers were uniformly distributed in each layer 
and there was a distinct matrix layer between different 
fibrous layers as a transition. Magnifying the image ten 
times, it can be seen that the interfacial layer of the 1 μm 
specimen was thin and the wettability between the liquid 
metal and the fiber was good, while the interfacial layer of 
the 3.0Cu-Cf/SnPb specimen was thicker and there were 
closed pores between the multiple fibers, which formed 
during the coating process.

(7)ye ≈ y0e + a,

Obviously, the fiber and the matrix were combined by 
the wetting behavior and the capillarity in the FTP pro-
cess. The composite monofilament left the nozzle under 
traction and was then deposited on the bottom. In this 
process, no additional pressure is generated in the melt-
ing chamber. However, the classical thermoplastic com-
posite printing process is just the opposite. The feeding 
of wire creates a pressure in the filled melt cavity, which 
becomes the power of combination and subsequent dep-
osition. As such, the combination and deposition mecha-
nisms of the FTP process and the classical thermoplastic 
composite printing process are completely different.

Generally, the thickness of the fibrous coating was lim-
ited. The preparation of a 3 μm thick interfacial layer usu-
ally requires repeated plating processes, which tends to 
cause bonding between the fibers to form a closed hole 
as shown in Figure 8(b). All of the above would have an 
impact on the mechanical properties of the composite. 
Therefore, it is essential to select the carbon fiber with a 
suitable thickness of interfacial layer according to actual 
requirements.

3.3  Mechanical Properties
Since the mechanical properties of low melting alloys are 
generally poor, it is difficult to use them directly as struc-
tural materials, which limits their further applications. In 
the process the continuous fiber not only plays a role in 
controlling the morphology of the liquid metal, but also 
greatly improves the mechanical properties of the alloy. 
The tensile properties of the composites are studied in 
this paper.

The fractured tensile specimen is shown in Figure 9(a) 
and the experimental results are shown in the Table  4. 
The tensile strength of the  Sn50Pb50 alloy was 33.3 MPa. 
When the thickness of the Cu fiber coating was 3  μm, 
the tensile strength was higher (235.2  MPa). Reduc-
ing the thickness of the Cu coating from 3  μm to 1  μm 
under the same condition of layer height and wire feed-
ing, the volume of fiber (VOF) was reduced from 21.25% 

Table 3 The error of the corners in x and y direction

Group 30° 60° 90° 120° 150°
x error (mm) x error (mm) x error (mm) x error (mm) x error (mm)

3 mm/s 2.95 5.1 5.54 1.75 0

1 mm/s 1.94 3.16 2.44 1.39 0

1 mm/s + 3 s 1.88 1.25 0.86 0 0

y error (mm) y error (mm) y error (mm) y error (mm) y error (mm)

3 mm/s 4.68 4.36 3.32 2.11 0

1 mm/s 3.73 2.89 2.36 1.31 0

1 mm/s + 3s 2.67 1.57 0.9 0 0
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to 12.14%. The reference date shows that the maximum 
tensile strength of the copper-plated carbon fiber rein-
forced SnPb alloy prepared by a squeeze casting pro-
cess was 240  MPa (the VOF was 15%). The preparation 

performance of the FTP process was close to the tra-
ditional preparation process. According to the rule of 
mixture, the theoretical maximum is 393.5  MPa when 
the VOF is 12.14%. The tensile strength of the printed 
composite was less than the value of rule of mixture, and 
similar to that of copper. The process could be further 
improved to increase this performance.

Figure  10 shows the typical tensile strength-strain 
curve of 1.0Cu-Cf/SnPb and 3.0Cu-Cf/SnPb. Both 

Figure 8 The interfacial microstructure of (a) 1 μm Cu coating specimen and (b) 3 μm Cu coating specimen

Figure 9 (a) Tensile specimen of FTP process and (b) the fracture 
morphology BSE image of 1 μm specimen

Table 4 The tensile strength of   Cf/Sn50Pb50 composite 
and  Sn50Pb50 alloy

Tensile strength (MPa) VOF (%)

3.0Cu-Cf/SnPb 235.2 ± 23.6 21.25

1.0Cu-Cf/SnPb 227.7 ± 5.6 12.14

Reference date [19] 240.0 ± 15 15

Sn50Pb50 alloy 33.3 ± 0.5 ‒
Rule of mixture 393.5 12.14
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of the composites are brittle fracture, and the turn 
line indicates that the interlayer bonding, which has 
an influence on the mechanical properties, could be 
improved. The backscattered electron (BSE) image of 
the fracture morphology is shown in Figure 9(b). It can 
be seen that the fracture morphology of the composite 
material was relatively flat, and few fibers were pulled 
out. The surface of the fiber was still coated with a Cu 
layer and the fracture morphology of the matrix exhib-
ited a distinct dimple-like texture.

3.4  Direct Printing of 3D Composite Structures
To demonstrate the advantages of this process in form-
ing, a hexagonal grid of 5 layers (0.5  mm per layer) 
and a triangle grid of 10 layers (0.3 mm per layer) were 
printed by the FTP process, as shown in Figure 11.

4  Conclusions

(1) A novel 3D printing method of continuous fiber 
reinforced metal matrix composite is proposed in 
this paper, which uses the fiber bundle to wet with 
the liquid metal and to control the morphology of 
the liquid metal, differentiating it from the classic 
3D printing process of thermoplastic composite.

(2) The uniformity of the monofilament was affected 
by the printing velocity and the wire feeding rate. 
The fiber effectively controlled the morphology of 
the liquid metal at low wire feeding rate, and the 
shape of cross-section profile was rectangular. The 
width of the monofilament decreased with increas-
ing printing velocity. The thickness of the monofila-
ment increased with improving wire feeding rates, 
and the value of 20/100 was optimal.

(3) When printing a corner, the slower velocity reduced 
errors in both the x and y directions. By pro-
cess optimization, the errors in the x and y direc-
tions were eliminated when the printing angle was 
greater than 120°.

(4) There were several defects in 1.0Cu-Cf/SnPb, while 
no obvious defects were observed in 3.0Cu-Cf/
SnPb. The 3.0Cu-Cf/SnPb exhibited a higher tensile 
strength of 235.2 MPa and the volume of fiber was 
21.25%. It far exceeded the tensile strength of the 
SnPb alloy of 33.3 MPa and was close to the tensile 
strength of the SnPb composite prepared using the 
squeeze casting process in reference. This means 
that the preparation performance of the FTP pro-
cess was close to the traditional preparation pro-
cess.

This method could be extended to the preparation of 
other continuous fiber reinforced metal matrix compos-
ites, such as Cf/Al, Cf/Mg, etc.

Figure 10 Typical tensile strength-strain curve of the printed 
composite specimens

Figure 11 A hexagonal grid and a triangle grid printed by FTP process
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